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ABSTRACT

A method of relative location for explosions using
Rayleigh waves is developed and tested. It involves cross
correlating a wavetrain with a previously recorded signal
from the same source region and d>termining a relative
"travel-time'" from the peak in the 2ross correlation trace.
Locations are fairly accurate, but do not compare with the
precision obtained with body waves and relative travel-time
corrections., A number of causes of errors are discussed,
and it is estimated that a sor“isticated application of
this method would yield location comparable to relative
travel-time locations for large events.
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INTRODUCTION

Location of seismic events is traditionally done by
timing the first arrivals of the body-wave phases P, Pn’ or
Pg, depending on epicentral distance. Even when arrival
times of these phases are accurate, location errors of up
to 50 kilometers can result because of the heterogeneity of
the earth and lack of azimuthal control. Locations using
other body-wave arrivals are subject to greater error since
the arrival time of any phase after the initial P, Pn’ or Pg
is obscured by continuing motion. And the use of surface
waves to locate entails such problems that no one apparently
has used them for this purpose. The primary difficulty is
observational in that the surface waves, being dispersed,
have no definite arrival time. Given well-recorded signals,
group arrival times for particular periods can be assigned
as is done for group velocity measurement; however, even
with the arrival times well determined, the group travel time
must be accurately known from the epicenter to all the recording
stations in order to make an accurate location. Rayleigh-wave
group velocities will vary between about 3.0 (shields) ard 4.0
(oceans) for periods between 20 and 30 seconds, and travel
times based on this difference could vary by several hundred
seconds for teleseismic distance. On the other hand P-wave
travel times are relatively invariant over the whole earth
for a given teleseismic distance, and differences between
observed arrival times and those predicted by stindard P-wave
travel-time tables seldom exceed five seconds. Without
extremely detailed knowledge of surface-wave velocities over
the whole earth, we cannot expect to even approach the worst
location errors for first arrivals, that is, about 50 kilometers.
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Relative location of explosions using predetermined
travel-time anomalies for compressional waves has reduced
location error by nearly an order of magnitude in the
Nevada and Rat Islands regions as reported by Chiburis (1968)
and Chiburis and Ahner (1969). This method of relative
location requires a reference event whose exact position is
known and a common recording network for this and another
event with unknown epicenter in the same region. The accuracy
of the epicenter location of the detected event is directly
related to its proximity to the reference event. That is,
the validity of relative travel times is dependent on the
distance between the detected event and the reference event
from which the relative travel times were determined because
of the changes in compressional-wave travel paths,

An analogous method of relative location using surface
waves is possible. Again a reference event with an exactly
known location is required. Cross correlation of the
reference event's waveform with that of the detected event
provides arrival times of surface-wave energy for any period
at which there is detec*able ground motion. Instead of basing
the location of the detected event on estimated travel times
over the entire paths to the stations, the location can be
made relative to the reference event when travel times to
the stations from it are already known and serve to remove
most of the travel-time uncertainty associated with surface
waves from the detected event. This, coupled with the fact
that apparent velocities for P waves are 3 - 8 times larger
than surface-wave velocities and therefore introduce more
epicenter error per second of arrival-time error (or residual),
makes reiative location by surface waves attractive. Also,
the surface-wave method can use recordings at regional distances
whereas the relative travel-time method for body waves must

=




usually exclude regional data because of its large variation

in travel times at a given distance and because of the
uncertainty in associating a first arrival with one of several
d.fferent branches in the travel-time curves. The accuracy

of the location of the detected event will again depend on its
distance from the reference event since travel paths to the
recording network are proportionately changed. Moreover, a
knowledge of phase velocities in the source region is desirable;
but in the case of assumed velocities, location accuracy is

not severely affected, as will be discussed later. 1If a degree
of accuracy comparable to that obtained ws ing relative travel
times with body-wave location is desired, the surface-wave
location method appears feasible only for explosions. This is
because the initial-phase radiation patterns for two earth-
quakes, even in the same region, cannot be assumed to be
identical. Furthermore, a distance in source depth alone will
alter the recorded wave train. However, for some earthquakes

P arrivals are emergent and thus arrival times .are wncertain
or for some others only the surface waves are detected at alls;
in these cases a location using surface waves would be the omnly

obtainable one.



SURFACE-WAVE RELATIVE LOCATION METHODS

Matched filter location

With the latitude and longitude of a reference event
known precisely and its origin time known only approximately,
the latitude and longitude of a detected event in the same
region can be determinad along with an estimate of its origin
time. The accuracy of the origin time will reflect the error
in the approximated reference event origin time. The math-
ematical jacthod is analogous to body-wave location algorithms
and is as follows. For each station, Rayleigl.-wave signals
will be recorded for both events as shown in Figure 1. A
procedure using visual analysis to pick the times of arrival
of corresponding wave groups of the same period as is done
in group velocity determination would provide the necessary
data to locate the detected event, However, low signal-to-
noise ratiovs and dispersion of the second signal relative to
the reference one may cause inaccuracies in this approach.
Alcvander and Rabenstine (1967) have used reference event
signals tao detect signals from other events in the same
region by cross correlation. This method of filtering is
applicable to surface-wave location. The peak in the cross
correlation trace in Figure 1 indicates the time of overlap
of the two signals as received at a given station. If the
reference-signal time window is chosen to begin with the
group arrivals of maximum velocity and to end with the groups
of minimum velocity and if the time window of the detected event's
signal is made longer by the inclusion of some noise in front,
the cross correlation trace will peak at some time increment Tt
(Figure 1) relative to the start, t', of the detected event's
window such that the "time of arrival" of the new
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signal can be determined accurately. We form then equations
of "travel time'" for the two signals at any station:

TTr =.tr - Or

IT =t!+717-0_ =1t -0
p P p

where subscripts r and p refer to the reference event and
detected event respectively, t. and t_ refer to correspond-
ing arrival times, and Ol and Op are the approximated
origin times. An approximate Or is sufficient since
errors in Or will be reflected almost entirely in errors

in the origin time and not in the location of the detected
event. (Note that by adding a constant to both travel time
equations, the time of any particular group arrival could
be represented; this would be accomplished by moving t.
forward in time in Figure 1.) A residual equation for each

station can then be written

E = (tp . Op) - (tr - Or) (1)
This expresses the differences in travel times and can be
related to errors in the initial assumptions of latitude,
longitude, and origin time for the detected event as in
body-wave algorithms for location thus:

- 4(TT) d(TT)
- dR R

dy_ + i dX. + do 2
coso. p sino p D (2)

where o is the epicenter-station azimuth; Qé%ll is the change

in travel time duz to a change in epicentral distance R (in
kilometers); and de, dxp, dOp are the correctinns to be applied
to the initial assumptions of latitude, longitude, and origin

-5-



AT

AR

S L YT e ok BT R iy Bl A i

L

7

Ve

*jusas

P9312339p ® wox3y sasem y3rordey 103 sur) TeATII®
S9ATIBISI B SUTIWIIIAP 03 IS9ITTF Paydjeu ;o asf] °T aan8ty

NOLLY 734800 SSON)

I
_
\/\/.\/\/\/)i T lil.“{.)ll:
_
I

]
| ol 1 |
IN3A3 Q31953130 ___
; d d
: 0
]
: _
_
I
I
E R l_
i _
h IN3IA3 IONIN3IIIN ) _ i
V¥ 0

!




e tESTu
=

= ng;__‘ruwWHﬁg {,: 53¢ v ks o Tk L e

time, respectively, of the detected event. Since we will

be locating events which are less than 200 km from the
reference events in this study, the flat earth approxima-
tion which substitutes kilometers for degree increments

of longitude and latitude contributes less than 0.1 km to
location error and is therefore acceptable. The value

Qé%ll is simply the inverse of phase velocity C. It is
intuitive that the selected phase velocity for use in the
location should correspond to periods which show the maximum
amplitudes on the recordings of the two events since for a
given station the peak in the cross correlation trace should
"move out" with this velocity when the signals originating
from a fixed source are correlated with signals from another
source moved successively greater distances from the fixed
source and dispersior changes the waveforms slightly each
time. This "move-out" will be investigated later with
synthetic seismograms., So (2) can be written as

E = (cosa/C) dY + (sina/C) dX + dO (3)

Similar equations of condition can be written for each
recording station and the solutions dY, dX, dO are obtained
by use of the least-squares normal equations.

An iterative process can be employed as in body-wave
location algorithms. First rewrite (1) as

o
E=1¢t -t
P P
where t& = 0_ + t. - 0. is the computed arrival time in the
first iteration. After the first solution is obtained, the
travel times from the reference event will still be used and

the predicted arrival time at any station in subsequent

-6-



iterations will be

tp = Op Yt,o- Or + (Rp-Rr)/C
where R_ and Rr are the distances to the station from the
location given by the previous iteration and from the refer-
ence event, respectively; and O_ is the origin time given by
the previous iteration. Thus, arrival time at the station

is computed assuming the velocity C of thc maximum amplitudes
in the wave train and using the known travel times from the

reference event,.

Dispersion effects

If the detected event is displaced from the reference
event, dispersion will perturb its wave train relative to that
of the reference event at each station. We will demonstrate
empirically that the move-out velocity of the correlation peak
is approximately identical to the phase velocity of the maximum
recorded amplitudes of the wave train when a signal is cross:
correlated with dispersed modifications of itself. The dis-

- persed signals were generated from actual recorded signals

using reported phase velocities and the synthesis procedure
described by Sato (1960). Two structures were used: 1) "Shield",
for which the average phase velocities shown by Brune (1969)

were adopted and 2) "Basin-Range'", for which the theoretical
phase velocity curve of Smith (1962) for the "Nevada Region"

was adopted.

Dispersed signals were generated every 30 km out to 150 km
as though the epicenter was moved these distances successively
away from the recording station. An example of the dispersed
signals is shown in Figure 2 for the actual FAULTLESS recording

o,



*uotsiadsIp ,,@TIIHS, Bursn IN-dN 3® Surpiodax
SSHTLINVA 34yl 3Jo suoIlledryipouw pasiadsiq °*z 2indiyg

r,,ﬁqf<<_<i/\/\,,{\/:x °g
ISP W /<><><>f\//\)/\\)r:\1)f\§# "
A cb<><><><>/\\//\><\r/f\}r\f =
A Y NN A T e

() os!

(w) ozi

(wy) o6

(wy) 09

°¢ - (W) og

(wy) O

3ONVLSIa
NOIS¥3dSia



at NP-NT. Figure 3 shows the traces produced by correlating

the actual FAULTLESS recording with its Shield-dispersed
modifications as well as with itself, (The original signal

was displaced 34 seconds backward in time before commencing
correlation with the traces of Figure 2.) The move-out

measured on the cross correlation peak in Figure 3 is 3.66 km/sec
which is very close to the 3.61 km/sec phase velocity for a
period of 18 seconds in the "Shield" dispersion curve of Brune.
Eighteen seconds is approximately the period of maximum recorded
amplitudes for the signal received at NP-NT from FAULTLESS.
Figure 4 shows two other signals, FAULTLESS as recorded at RK-ON
and MILROW at HN-M:, which were utilized just as FAULTLESS at
NP-NT was used to determine move-outs. These same three signals
were also subjected to "Basin-Range" dispersion. The results
for all six move-out tests are given in Table I; note that

the three signals together span a large epicentral distance
range. Measured move-out velocities do not differ frcn the
phase velocity for the periods of the maximum recorded ampli-
tudes by more than ,06 km/sec. Thus, in our surface-wave loca-
tion, we use the assumed (or hopefully determined) phase
velocity of the maximum recorded amplitudes. This phase velo-
city is valid for the structure between the epicenters if they
are on nearly a great circle path with the station since the
dispersion of one event signal relative to the other would be
mostly controlled by the structure between epicenters. If the
circle path through the epicenters were normal to the epicenter-
station azimuth, the two travel paths to the station would not
be coincident at anytime, and the dispersion of one signal
relative to the other would be controlled by differences in

structure along the whole travel paths.

Note that in Figure 3 no apparent deviation from a constant
move-out of the peak occurs, and we would expect the move-out to

-8-
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Figure 3., Correlation of the actual FAULTLESS recording

at NP-NT with its dispersed modificatiuns.
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continue at the same rate if signals were synthesized for
sources farther removed. However, in locating detected events
which are distant from the reference event, there is a limit-
ing factor (Figure 3) which is the increase in amplitude of

a peak adjacent to the desired peak. In this case choice of
a false correlation time is possible. Signal-to-noise ratios
less than those used in this study would also lead to wrong
choices. We estimate that events no more than 200 km from
the reference event could be located when signal-to-noise
ratios were high. Poor signal-to-noise ratios may diminish
this range drastically.

Phase velocity and location accuracy

In determining the detected event's location the computed
distance in kilometers from the reference epicenter is depen-
dent upon the phase velocity chosen. If, for instance, all
recording stations had maximum amplitudes at about the same
period and if the estimated phase velocity for this perio& in
a certain structure was 3.40 km/sec, the error in the computed
epicenter of the detected event would be about 2.6 km when it
was in fact 50 km from the reference epicenter and when the
true phase velocity in the source region were 5 per cent
lower than the assumed 3.40 km/sec. Similarly, an epicenter
100 or 200 km away from the reference epicenter would be mis-
located by only 5.2 or 10.0 km, respectively, for a 5 per cent
error in phase velocity. Examination of the curves of Brune
and Smith reveals that it would be difficult to assume a
phase velocity corresponding to periods in the range of 10 to
30 seconds which was more than 5 per cent different from the
actual value for a continental region. At a period of ten
seconds, the range in phase velocity over the four widely-
varying continental structures of Shield, Basin-Range,

-9-
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Mid-Continent, and Alpine (using Brune's terminology) is only
from 3.12 to 3.35 km/sec. At a period of twenty seconds, the
corresponding range is 3.37 to 3,68, and for a period of
thirty seconds is 3.62 to 3.92., Thus, taking a value midway
in the ranges and allowing for small errors in period read
from the recordings, we can minimize errors in assumed phase
velocity to less than 5 percent even when no information on
the structure of the source area is available. As a result,
we would expect location bias duez to these errors to be no
more than mentioned above. We should point out, however,
that prohlems could arise when possible paths to a station
from the detected event lay close to continental-oceanic
boundaries.

Location using phase differences

The problems associated with dispersion of one signal
relative to another can be circumvented by Fourier analyzing
the cross correlation of the two sigials. It .has been §hown
that the cross correlation of the signals at two stations which
are in line with a given event represents the medium response
to an impulsive point source applied at one station and
received at the other (Landisman et al, 1969). Analogously,
the medium response between two events is represented by the
Cross correlation of their signals received at a given station
when the events are aligned with the station. Whenever the
epicenters are not aligned with the station, the medium
response represented by the cross correlation refers more to
differences in structure along the entire travel paths.
Fourier analysis of the cross correlation trace determines
arrival times versus frequency such that Tt and t in Figure 1
are both frequency-dependent. Thus (1) should be rewritten

-10-
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as:
B(£) = [t,(£)-0] - [t (£)-C,]

to incorporate the information available from the entire
spectrum. Also (3) should be expressed as

E(f) = [cosa/C(f)] dY + [sina/C(f)] dX + dC

lt is clear that phase velocities should be used since the
Fourier analysis of the cross correlation determines the time
difference in phase peaks between the windowed signals of the
reference event and the detected event. The number of conditional
equations used in the location is now multiplied by a factor equal
to the number of frequencies used. The information from the
received Signals used in the location is more complete

and precise than in the simple method of picking the corre-
lation peak time. Again, the iccuracy of the location

depends on how well the surface-wave velocities are known.

Also, only frequencies in a band over which the phase

diff~rences remain smcocth should be used; this limitation

will urdoubtedly alter the exact band of frequencies used

at each station for a given location.



RESULTS

Recordings of the JORUM, JORUM collapse, BOXCAR, FAULTLESS,
MILROW, and LONG SHOT Rayleigh waves digitizated zt four or
five points.per second for the stations indicated in Table II
were already available for the most part. Cross correlation
traces were formed by multiplying the individual spectra in
the frequency domain and inverse transforming. The proper
peaks in the cross correlation traces were readily apparent
in most cases because of the high signal-to-noise ratios.
Although LONG SHOT was barely detectable at some of the stations,
the strength and duration of the MILROW signals (about one
order of magnitude larger) caused the cross correlation traces
to peak at the proper times. Relative locations for the event
pairs shown in Table II were computed, and the vectors from the
true locations to the computed relative locations are also
given in Tcble IT under the column headed "matched filter". As
a comparison, the error vectars for traditional compressional-
wave locations and relative travel-time locations are given for
che same events under the columns hesaded "body waves'" and
""'relative travel times', respectively. Depth was restrained to
zerc, the true origin times of the referenc: events were used,
and the Herrin 1268 travel-time tables were employed in all
cases. Relative travel times were determined from the reference
events in the manner shown by Chiburis (1968). The JORUM-BOXCAR
and FAULTLESS-BOXCAR pair were processed with and without LC-NM,
the only station at regional distance, because of the known
deleterious effect of regional stations on body-wave and relative
travel-time locations. Results in Table II clearly show this.
However, the matched filter location is considerably improved by
the addition of this station in both cases, due mainly to the.
increased -..muth aperture of the stations about the epicenter.

-12-



089
‘ug 09

o0ST
‘wyog g

098
‘uqp°9z

009
‘wyg o1

00¢
‘uqp ¢

0012
‘wyz 61

T9ALlTId
AgHO LYW

adLndnood

0981
‘uio* S

oS
‘g ¢z

08S¢
‘yg T

ol1
‘uy/ sz

0902
‘uyg-g

097
‘uig-ze

0ZS
‘uys 08
oIST
‘o 67
52
‘wys o8

oIST
‘wyp 62

SIWIL THAVIL
HATLVTIY

NOILVDOT

SHAYVM 1104

Ol dM¥L WO¥d SYO0LIIA YOouy¥d

SPOYISW UOTIBI0T FO uostaeduon

Td-39 ‘IWN-NH
‘ANZUD NO-JYU ¢
“09z9d *IN-dN*¢

LN-dN‘90sAS ¢
NAZHM NO-XY ¢
IN-dN‘9DSAS ¢
NXAZHM‘NO-YY ¢
IN-dN‘90sAS ¢
NAZHM NO-YY ¢

IN-dAN‘9DSAS ¢
MNAZHMNO-XY ¢

LN-dNIW-NH '
AXZHM NG-XY

XL-IS
LN-NX
XAZHM

NN-DT
dWN-NH
Jq4-9d

dW-NH
J4-95d

NN-D1
dW-NH
Jd-5d

dN-NH
Jq-5d

Av-44d
24 -9d

agsn
SNOILVILS

IT 37149VL

*uotsordxs WMIOf 19138 (Ssanoy iInojy 3jnoqe) ourl STU3 3® PaseaIdUI Ud3q jou
PBY SUTBZ 9DUIS POUTWIILSp 99 PINOd FSdVTITOD WMHOL I0F Soull T[BATIIE® ON,

o8LT ‘U7 LOHS 9NOT MOYTINW
088T ‘Uz *0ST AVIX0d SSATLINVA
0o88T‘UZ°0ST AVIX0d SSATLINVA
089T ‘U Q"7 AVIX0d nWnior
089T ‘U0 °Z AVIX0d Nor
4SdVTT10D

o0 ‘UQ wnyor nnor
INTAA °d45Y INAAT INAAT

WO¥d °LSId da.LVIO0T IONTUT 194



Ordinarily the increased aperture would improve the body-wave
and relative travel-time locations, but the poor agreement of
travel time to LC-NM from the source area with the Herrin 1968
tables and the possibility that LC-NM lies near a crossover in
the travel-time curve overrides the aperture factor. It is
significant that the matched filter location with LC-NM added
is comparable in accuracy to the relative travel-time location
without LC-NM for JORUM-BOXCAR and FAULTLESS-BOXCAR because in
practice the matched filter method can always use regional data
while the other method usually cannot.

The extremely large error in the matched filter location
of LONG SHOT compared co the relative travel-time location
prompted a search for causes of error in the new method. It
was found that digitization rates for the MILROW and LONG SHOT
records were imprecise, up to five seconds of real time, either
way, over the duration of the signals. This would cause
correlation peak times to be inaccurate. Also, we must recognize
that the poor signal-to-noise ratio of some LONG SHOT recordings
could cause correlation peak times to be somewhat in error.
These reasons would account for much of the 61 km displacement
of the computed LONG SHOT location from its true epicenter.

An attempt was made to utilize the phase differences method
as discussed above for the FAULTLESS-BOXCAR event pair. The
cross correlation traces were truncated about the peak used to
make the matched filter location, and the Tukey (Hanning) time
window was applied. The length of the truncated correlaticn
trace was about 100 seconds for all seven stations. Computed
amplitude and phase spectra were fairly smooth. However, only
three stations produced dispersion curves based on the phase
spectra which were realistic. Inverse dispersion resulted at
two stations. No location was calculated with these intractable

-13-



results, The method of determining phase velocity was checked
with synthetic cases. It was found that phase velocity curves
used tec coustruct synthetic seismograms at various distances

can bte precisely extracted from the cross correlations of these
seismograms with dispersed modifications of themselves. Three
factors may have induced failure of four of the FAULTLESS-BOXCAR
Cross correlations to produce realistic phase velocity curves:
1) signals recorded at these stations were of relatively short
duration and limited bandwidth; 2) even though the epicenters
were only 150 km apart, the travel paths were sufficiently
different to produce dissimilar dispersion effects; and 3)

there may have been interference from refracted energy arrivals.

-14-



SUMMARY AND DISSCUSSION

A method of relative seismic event location using surface
waves has been developed which is analogous to relative travel-
time locations obtained using short-period body waves. Sources
of error in this method are: 1) differences between assumed
and true phase velocities in the source region and along travel
paths, 2) dispersion of one signal relative to the other at a
given station, 3) background noise superimposed on actual
surface-wave recordings, and 4) imprecise digitization rates.
It was shown that the first should be negligible with only the
grossest knowledge of the structure in the source region and
along travel paths. The second should be reduced by a refinement
of the method; i.e., Fourier analysis of the cross correlation
trace. However, this refinement may be practical only in
certain cases. The third is always troublesome, but some
noise could be suppressed by band-pass filtering and beamforming
in arrays. Since explosions generate Rayleigh waves which have
a much higher detection threshold than body waves from the same
event, the matched filter location method cannot be applied in
many cases where body waves from an event have distinct first
arrivals and a computed location uéing them is reliable. Unless
background noise on long-period instruments is substantially
reduced, the matched-filter method cannot compete with the
relative travel-time method for smaller events. The fourth
cause of error is a hardware problem, but precise digitization
rates are certainly possible.

Matched filtering could be conducted by analog or digital
techniques on-line in several observatories assigned to monitor
oneé or more areas. Immediately upon a confirmed detection by
the reference event matched filters, a location ceruld be
computed using the relative "travel-times" of the Rayleigh
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waves. A sophisticated application of this new technique
could produce a location as rapidly and perhaps as precisely as the
short-period relative travel-time method. Furthermore, it
may be possible to discriminate earthqus'es from explosions
in a given region when using reference signals known to be
produced by an explosion. This follows from the fact that
earthquakes have azimuthally-dependent phase radiation
patterns as illustrated by Ben Menahem and Harkrider (1964).
Not only would location accuracy be severely impaired by

the earthquake's phasez radiation pattern, but also the time
residuals after the final iteration in tne matched filter
location could be as much as one-half cycle of the periods

of maximum recorded amplitude since initial phases at the
source may be separated by 180°, In this study, the final
residuals for all stations for all surfacc-wave locations
except MILROW-LONG SHOT were less than 3.6 seconds. Imprecise
digitization rates account for much of this, and residuals
were higher for the MILROW-LONG SHOT pair because of more
imprecise digitization errors compounded with the longer
duration of the signals.
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